The results of different vascular tests used in the diagnosis of cavernosal arterial insuf®ciency and cavernosal venous leakage were compared in 168 men, with an average age of 62.9 y to determine which were the most reliable. One hundred and forty-®ve men had penile arterial insuf®ciency demonstrated with digital subtraction pharmacoangiography. The penobrachial index correctly identi®ed 87 of the 145 men with penile arterial insuf®ciency whereas cavernosal artery peak systolic velocity identi®ed 130 men and cavernosal artery occlusion pressures identi®ed 136 men.
Introduction
Coronary artery disease, peripheral vascular disease and other cardiovascular diseases are common in our society, and it is reasonable to assume that many men have a degree of atherosclerosis involving the arterial blood supply to the penis. Vascular disease, either arterial insuf®ciency, cavernosal venous leakage or a combination of the two, is probably the primary aetiological factor in at least 70% of all patients with erectile dysfunction (ED).
In 1971 Britt et al 1 showed that penile pulse waveforms measured by strain gauge plethysmography could be used to measure penile systolic blood pressure. In 1975, Gaskell, 2 using a Doppler ultrasonic velocity meter also measured penile systolic blood pressure. These noninvasive tests were the cornerstone of vascular investigations in ED for many years. Reiss 3 described problems with this test and in 1990, Aitchison et al 4 demonstrated intraobserver and inter-observer errors of up to 20% in this type of noninvasive vascular testing and concluded that use of the penobrachial index should be abandoned. Since Virag 5 ®rst described intracavernosal vasodilator challenge in the evaluation of ED and Lue 6 reported the use of duplex Doppler evaluation of the penile arterial supply, duplex Doppler examination of the penis pharmacologically challenged by vasodilators such as Prostaglandin E 1, papaverine and phentolamine, has evolved as the vascular investigation of choice.
Genestie and Romieu 7 and Michal 8 reported on the use of highly selective internal pudendal arteriography in ED as an anatomic study to demonstrate anatomic vascular lesions and it is generally accepted that most patients considered as candidates' for vascular reconstruction require this investigation.
Erectile dysfunction secondary to cavernosal venous leakage is an important cause of ED. First pioneered by Newman 9 and Fitzpatrick, 10,11 several techniques of cavernosometry and cavernosography are used to determine the extent and anatomic site of venous ef¯ux. Padma-Nathan et al 12 reported their technique of dynamic infusion cavernosometry and cavernosography (DICC) in 1989 and described Doppler measurement of the cavernosal artery occlusion pressure during the third stage of DICC. They reported a sensitivity of 77% of systemiccavernosal artery systolic pressure gradients greater than 35 mm Hg in predicting the presence of a haemodynamically signi®cant lesion at subsequent selective internal pudendal arteriography.
Clearly, just as pathophysiology of ED is manifold, so are the number of investigations diverse. We looked at several of these vascular investigations in order to determine their relative reliability in the diagnosis of penile vascular disease.
Materials and methods
A total of 168 non-consecutive men with symptoms of ED for at least six months were studied between August of 1990 and April of 1992. The mean age of these men was 62.9 y.
All men were studied with noninvasive vascular testing to determine the penobrachial index (PBI), duplex Doppler ultrasonography, highly selective internal pudendal arteriography and dynamic infusion cavernosometry and cavernosography (DICC).
Penile systolic pressures were measured with a 10 MHz bi-directional continuous wave (CW) Doppler probe. Duplex Doppler ultrasonography was performed before and after intracavernosal challenge with Prostaglandin E 1 (10 mcg). Serial measurements of peak systolic velocity (PSV), enddiastolic velocity (EDV), resistance index (RI) and cavernosal artery diameter at the base of the penile shaft were made starting 3±5 min after a Prostaglandin E 1 (20 mcg) challenge until plateau values were achieved, cavernosal morphology was also determined. Dynamic infusion cavernosometry and cavernosography (DICC) was performed using intracavernosal challenge with 60 mg of Papaverine and 2 mg of Phentolamine and infusion with dilute Iopamiro radiological contrast. The technique of angiography employed selective catheterisation of the internal pudendal arteries using the Seldinger technique, intracavernosal challenge with Prostaglandin E 1 (10 mcg) and digital subtraction techniques of image enhancement.
Generally accepted normal values were used regarding penobrachial indices less than 0.70, peak systolic velocities less than 30 cm/s and systemiccavernosal systolic occlusion pressure gradients in excess of 30 mm Hg as indicative of arterial insuf®-ciency and maintenance¯ow rates in excess of 25 ml/min, cavernosal pressure decay rates in excess of 2 mm Hg/s and resistance indices less than 0.85 as indicative of cavernosal venous leakage. The presence of atheromatous changes, stenoses, tortuosity or non-visualisation of the cavernosal vessels on highly selective internal pudendal arteriography was regarded as evidence of penile arterial insuf®-ciency.
In all 168 men, the penobrachial index (PBI), the peak systolic velocity (PSV) measured during Duplex ultrasonography and the systemic-cavernosal artery occlusion pressure gradients measured during DICC were compared to the results of highly selective internal pudendal arteriography.
In all 168 men, the maintenance¯ow rate (Q m ) and the cavernosal pressure decay rate (d CCP ) determined during DICC, and the resistance index (RI) calculated during Duplex ultrasonography were correlated.
Results
Highly selective internal pudendal arteriography demonstrated signi®cant anatomic lesions in 145 out of the 168 men studied (86%). These anatomic lesions included atheromatous changes, stenoses, tortuosity or non-visualisation of the cavernosal vessels (Table 1) . Lesions were most common distally in the cavernosal arteries occurring in 265 of the 336 sides examined. One hundred and fortyone of the 336 sides examined had evidence of vascular disease in the aorto-iliac segment or the internal pudendal artery, the internal pudendal artery being non-visualised on 18 sides. Eleven patients had occult aortic aneurysms with a mean diameter of 4.5 cm.
Of the 145 men with penile arterial insuf®ciency, the PBI correctly diagnosed 87 (60%) with penile arterial insuf®ciency, the remaining 58 being regarded as normal. Of the 23 men with normal arteriographic ®ndings, the penobrachial index correctly diagnosed 15 (65%) as normal and incorrectly diagnosed penile arterial insuf®ciency in the remaining eight patients. The speci®city of the PBI in the diagnosis of penile arterial insuf®ciency if 60% and the sensitivity is 65%.
Duplex Doppler ultrasonography and the measured PSV correctly diagnosed 130 (89%) men with penile arterial insuf®ciency, the remaining 15 men being regarded as normal (Table 2) . Of the 23 men with normal arteriographic ®ndings, the PSV correctly diagnosed 18 (78%) as normal and incorrectly Correlation of penile duplex ultrasonography CG McMahon diagnosed penile arterial insuf®ciency in the remaining ®ve patients. The speci®city of the PSV in the diagnosis of penile arterial insuf®ciency if 89% and the sensitivity is 78%. The systemic-cavernosal occlusion pressure gradient correctly diagnosed 136 (94%) men with penile arterial insuf®ciency, the remaining nine men being regarded as normal ( Table 2) . Of the 23 men with normal arteriographic ®ndings, the PSV correctly diagnosed 17 (74%) as normal and incorrectly diagnosed penile arterial insuf®ciency in the remaining six patients. The speci®city of the systemic-cavernosal occlusion pressure gradient in the diagnosis of penile arterial insuf®ciency if 94% and the sensitivity is 74%.
Overall, in the diagnosis of penile arterial insuf®ciency, the PBI correlated poorly with the results of angiography agreeing in only 61% of patients whereas the PSV and the systemic-cavernosal occlusion pressure gradient correlated better with agreement in 88% and 91% of patients respectively. PSV and the systemic-cavernosal occlusion pressure gradient correlate well with an R value of 70.94 (Figure 1) . DICC demonstrated cavernosal venous leakage in 96 of the 168 men studied ( ) correctly identi®ed 93 of the 96 patients with cavernosal venous leakage diagnosed with DICC, the remaining three patients incorrectly categorised as non-leakers (Table 3 ). Of the remaining 72 patients with a normal venoocclusive mechanism at DICC, 68 were correctly categorised. The sensitivity of the RI 15 in the diagnosis of cavernosal venous leakage is 97% and the speci®city is 94%. Predicably, there was a good inverse correlation (R 0.95) between the Q m and RI 15 (Figure 3 ), d CCP and RI 15 also correlated well with a R value of 70.82 (Figure 4) .
The RI measured early in the examination 5 min after Prostaglandin E 1 challenge (RI 5 ) correctly identi®ed all of the 96 patients with cavernosal venous leakage diagnosed with DICC (Table 3 ). Of the remaining 72 patients with a normal venoocclusive mechanism at DICC, only ®ve were Figure 1 Correlation between peak systolic velocity (Vsys) and the brachio-carvernosal pressure gradient (cCOAP) in the diagnosis of penile arterial insuf®ciency (R 70.94). Figure 2 Correlation between maintenance¯ow rate (Qm) and the cavernosal pressure decay rate (dCCP) in the diagnosis of cavernous venous leakage (R 0.95).
Correlation of penile duplex ultrsonography CG McMahon correctly categorised as non-leakers, the remaining 67 being misdiagnosed with cavernosal venous leakage. The sensitivity of the RI 5 in the diagnosis of cavernosal venous leakage is 100% and the speci®city is 7%. There was a poor correlation between d CCP and RI 5 with R value of only 70.39 ( Figure 5 ). Q m and RI 5 also correlated poorly with a R value of 70.40 ( Figure 6 ). In patients with venous leakage, the mean RI ranged from 0.62 AE 0.06 at 5 min to 0.64 AE 0.05 at 15 min whereas in patients with arteriogenic impotence, the RI ranged from 0.68 AE 0.07 at 5 min to 0.87 AE 0.09 at 15 min ( Figure  7 ).
Discussion
The data comparing the results of penobrachial indices and highly selective internal pudendal arteriography supports the impression from previous reports 3, 4 that the penobrachial index is unreliable in the diagnosis of penile arterial insuf®-ciency. Of the 168 men studied, 66 men (39%) were incorrectly diagnosed using the penobrachial index, false negative diagnosis for penile arterial insuf®-ciency accounted for 88% of the 66 misdiagnoses. The continuous wave (CW) Doppler ultrasound probe beam characteristics are such that it is impossible to be sure that the cavernosal artery is insonated. In many cases, the dorsal or the urethral artery is insonated and mistaken for the cavernosal artery. In the presence of arterial occlusive disease involving the hypogastrico-cavernosal system, inadvertent insonation of a normal dorsal or urethral artery will result in a normal penobrachial index In patients with venous leakage, the mean RI ranged from 0.62 AE 0.05 at 5 min to 0.64 AE 0.06 at 15 min whereas in patients with a normal veno-occusive mechanism, the mean RI ranged from 0.68 AE 0.07 at 5 min to 0.87 AE 0.09 at 15 min.
Correlation of penile duplex ultrasonography CG McMahon
and a false negative diagnosis for penile arterial insuf®ciency. In addition, penobrachial indices are determined in the¯accid state and the signi®cance of these results in relation to penile erection must be questioned. Duplex Doppler ultrasonography following intracavernosal vasodilator challenge allows examination of the penis in the¯accid, tumescent and erect states. This allow visualisation of the individual cavernosal arteries, measurement of vessel diameter and determination of the velocity and direction of blood¯ow. With colour¯ow duplex ultrasonography, the dorsal penile artery, intra-cavernosal anastomoses between the cavernosal arteries, extracavernosal anastomoses between the cavernosal and dorsal arteries, developmental or traumatic arteriovenous malformations and the deep dorsal and other draining veins can be more easily visualised and the same¯ow parameters measured. Corporal morphology including Peyronies plaque morphometrics, the extent of intracavernosal ®brosis and the occasional aplastic or hypoplastic corpora can also be determined.
The PSV correctly diagnosed 130 out of the 145 men (89%) with penile arterial insuf®ciency. The remaining 15 men with penile arterial insuf®ciency diagnosed on arteriography had a PSV greater than 30 cm/s and were regarded as normal. The failure of duplex Doppler ultrasonography to correctly identify these 15 men as having penile arterial insuf®-ciency may have several explanations. Firstly, highly selective internal pudendal arteriography is an anatomic and not a physiologic study and the demonstration of an anatomic lesion may not in all cases indicate inadequate blood¯ow to the penis. Furthermore, the presence of proximal intra-cavernosal anastomoses between the cavernosal arteries and extra-cavernosal anastomoses between the cavernosal and dorsal arteries, a common ®nding in patients with penile arterial insuf®ciency, may improve distal blood¯ow velocity.
Of the 23 men with normal arteriographic ®nd-ings, the PSV correctly diagnosed 18 (78%) as normal and incorrectly diagnosed penile arterial insuf®ciency in the remaining ®ve patients with PSVs less than 30 cm/s. The reliability of duplex Doppler ultrasonography in the evaluation of ED is limited by the skill and experience of the operator, is Doppler angle dependent and requires maximal trabecular smooth muscle relaxation. Serial measurement of PSV and other¯ow parameters is integral to an accurate examination as PSV measured too soon after vasodilator challenge may be spuriously low or may be zero at the time of a fully rigid erection. Maximal arterial and trabecular smooth muscle relaxation requires an adequate dose of vasodilator and abolition of any anxiety-induced excessive adrenergic vasoconstrictor tone by use of patient manual self stimulation, audiovisual sexual stimulation (AVSS) or serial re-dosing of vasodilator.
The author believes that submaximal arterial smooth muscle relaxation due to anxiety is the probable cause for the abnormally low PSVs in these ®ve patients. The most signi®cant limitation of duplex Doppler ultrasonography is the lack of an means to verify submaximal trabecular smooth muscle relaxation apart from the true end point, a rigid erection. The concurrent use of corpus cavernosum electromyography (CCEMG) and the demonstration of electrical silence may be one possible indicator. Which drug or drugs are used, what dose, the issue of re-dosing, the role of adjuvant AVSS and the actual veri®cation of maximal trabecular smooth muscle relaxation are the subject of ongoing research.
DICC is an outpatient procedure performed in a radiology or¯uoroscopy equipped suite. Apart from arteriography, it is the most invasive of all investigations used in the evaluation of patients with ED and carries the risk of priapism, cavernosal ®brosis and false positive diagnosis of cavernosal venous leakage. The third phase of DICC involves the determination of the systolic occlusion pressure in both cavernosal arteries and the determination of the systemic-cavernosal systolic pressure gradient. In this study, a systemic-cavernosal occlusion pressure gradient greater than 30 mm Hg, consistent with penile arterial insuf®ciency, was found in 136 of the 145 men (94%) with penile arterial insuf®ciency demonstrated on arteriography. The remaining nine men had gradients less than 30 mm Hg and were being regarded as normal. The possible presence of proximal intra-cavernosal anastomoses between the cavernosal arteries and extra-cavernosal anastomoses between the cavernosal and dorsal arteries which might improve distal blood¯ow velocity and the fact that an lesion on arteriography is an anatomic and not necessarily a physiologic lesion may, as was proposed earlier, may explain the false negative diagnosis of penile arterial insuf®ciency in these nine patients.
Clearly both PSV and the systemic-cavernosal systolic pressure gradient correlate well with the results of highly selective internal pudendal arteriography. The good statistical correlation between these two parameters (R 0.94) is further testament to the reliability of duplex Doppler ultrasonography and DICC in the diagnosis of penile arterial insuf®ciency.
Of the 168 patients investigated for venous leakage, 96 had cavernosal venous leakage at DICC and the remaining 72 had a normal cavernosal venoocclusive mechanism. Q m and d CCP correlated well (R 0.95). The development of a rigid erection represents an interplay of adequate corporeal arterial in¯ow and raised venous out¯ow resistance. As marked tumescence approaches a rigid erection and venous out¯ow resistance is maximal, the end diastolic velocity (EDV) measured during Duplex Doppler ultrasonography approaches zero and Correlation of penile duplex ultrsonography CG McMahon diastolic¯ow may actually reverse. The presence of a signi®cant EDV indicates either the presence of cavernosal venous leakage or incomplete response to vasodilator challenge with submaximal trabecular smooth muscle relaxation. The RI relates EDV to cavernosal arterial ®lling, as represented by PSV, is generally regarded as a better measure of vascular bed resistance and is greater than 0.85 in the absence of cavernosal venous leakage with maximal trabecular smooth muscle relaxation.
The misdiagnosis of venous leakage in 67 of the 72 DICC proven non-leakers when RI 5 is used as opposed to only four of the same group when RI 15 is used, is consistent with incomplete trabecular smooth muscle relaxation due to an incomplete response to vasodilator challenge early in the examination. Clearly, both RI 5 and RI 15 appear quite reliable in terms of identifying patients with venous leak with high sensitivities as screening tests. However, unless measuring the RI is deferred until patients have achieved their maximal response, a large number of false positive diagnoses for venous leak will occur as the 7% speci®city for the RI at 5 min suggests.
Conclusions
The peak systolic pressure and the cavernosal artery occlusion pressure are reliable predictors of penile arterial insuf®ciency whereas determination of the penobrachial index should be abandoned. Furthermore, duplex Doppler ultrasonography appears to be a less invasive, cost effective alternative to phalloarteriography and should be regarded as the gold standard vascular investigation in the evaluation of the impotent patient. Finally, RI measured 15± 20 min after injection appears a reliable predictor of venous leakage, but the RI measured soon after the injection of vasodilator has a high incidence of false diagnosis of cavernosal venous leakage.
